
REPLY TO 
ATTN OF: 


TO: 


FROM: 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



USl/Scientofic & Technical Information Division 
Attention: Miss Winnie M. Morgan 

GP/Office of Assistant General 
Counsel for Patent Matters 


SUBJECT: Announcement of NASA-Owned 

U.S. Patents in STAR 


In accordance with the procedures contained in the Code GP 
to Code USI memorandum on this subject, dated June 8, 1970, 
the attached NASA-owned U.S. patent is being forwarded for 
abstracting and announcement in NASA STAR. 

The following information is provided: 


U.S. Patent No. : 

Corporate Source : 

Supplementary 
Corporate Source : 

NASA Patent Case No.: 


3, 331,951 

Brown Engineering 


XMF-00684 


Please note that this patent covers an invention made by an 
employee of a NASA contractor. Pursuant to Section 305(a) of 
the National Aeronautics and Space Act, the name of the 
Administrator of NASA appears on the first page of the patent? 
however, the name of the actual inventor (author) appears at 
the heading of Column No. 1 of the Specification, following the 
words "... with respect to an invention of. ..." 



Gayle Parker 

Enclosure : 

Copy of Patent 




PROGRAM 



O. 130/ JAMES E. WEBB ' 3331,95 

ADMINISTRATOR OF THE NATIONAL AERONAUTICS 
AND SPACE ADMINISTRATION 
TRIGONOMETRIC VEHICLE GUIDANCE ASSEMBLY WHICH ALIGNS THE THREE 
PERPENDICULAR AXES OF TWO THREE* AXES SYSTEMS 
Filed Fob. 20, 1963 


AT TOR WETS 


(Mwfcr*** uiA'^Ww 

















United States Patent Office 


3 , 331,951 

Patented July 1% 19S7 


- 3331.951 

TRIGONOMETRIC VEHICLE GUIDANCE ASSEM- 
BLY WHICH AUGNS THE THREE PERPENDIC- 
ULAR AXES OF TWO THREE-AXES SYSTEMS 
James E. Webb. Administrator of (be National Aero- 
nautic and Space Administration, with respect to. an 
invention of Herman E. Thomason, Charles E. Lee, and 
Richard L. Moore. Huntsville, Ala. 

Filed Feb. 20, 1963, Ser. No. 260,087 
12 Claims. (CL 235—15005) 

This invention relates to electrical and electro- mechan- 
ical techniques for trigonometric computation and is par- 
ticularly related to a system of resolving the difference 
between two sets of three-axes coordinate references and 


10 


intocomcidence with I3:e axes of the C system, ha imag- 
inary program vehicle, are computed by a unique chain 
of sine-cosine resolvers. At feast one resolver is responsive, 
to each of the seven angular ihpirts from a program 
computer (3 inputs) and stable platform- (4 inputs). It 
was discovered that one excellent mode of resolver inter- 
connection connect the resolvers electrically in series and 
the computer driven resolvers precede efeciricaily, the 
platform driven resolvers, with the order of computer 
resolvers being chosen inverse to the order of occurrence 
of platform resolvers. Order of resolvers in this instance 
refers to order of like gimbal drives to the resolve's as 
will be further discussed below. 

At least one reference voltage is applied to the input 


for providing electrical voltages and control apparatus for 15 (first resolver) of a resolver chain and the output of the. 
bringing the coordinate references into coincidence. chain contains three signals representative of instructions 

It is an understatement to say that long-range missile l ° the vehicle attitude control system appropriate to cause 

guidance systems are at best complicated, costly, and de- the vehicle to move an appropriate amount about a cor- 

manding of cargo space and weight; and. unfortunately. f ecl single axis to bring the vehicle in one maneuver to 

these unfavorable factors appear to be following a trend 20 hs commanded position. This will correspond to that posi- 
of increase as demands for both accuracy and versatility tion in which the basic gimbal axes angles of a stable plat- 

inereasc. While substantia) versatility, as it relates to vehi- form with respect to the actual vehicle, and a computed 

cle maneuverability, is an established technique in the position with respect to the platform are in coincidence, 

field of short range, remotely controlled cr guided mis- As a further feature and embodiment of this invention 
sil<» flying at a speed of a few thousand miles per hour, 23 basic computation is obtained by a single resolver 

" u: * **■ — ‘ ! ‘ * ' ‘ * •" ” * * * chain in which two sets of simultaneous computations are 

made by injecting through the resolver chain two signals 
differing in frequency and by selectively recapturing them 
at the output of the resolver chain. . . ■ 

A still further feature of this invention is the mode in 
which one redundant gimbal of a stabilized platform as- 
sembly is controlled to maintain a zero angle position of 
the other redundant gimbal. This is accomplished simply . 
and accurately by a servo-loop betw'ecn corresponding 


this same versatility is not known to exist in the field of 
long range, purely menially controlled, missiles or space 
vehicles traveling many times as fast. 

Most efforts in the past which have been devoted to 
incr'ral guidance in missiles have been concerned with 30 
navigation between two points, normally on earth, with- 
the trajectory between these points being within a single 
plane. We arc now faced, however, with projected flight 
missions much more complex, as evidenced by current 
space programs that involve flights to and between orbital 33 axes of the imaginary gimbal system of the computer and 
positions and in which the demands for precision of 006 ,5le redundant axes of the stabilized platform gim- 
manruvering have grown enormously. bal system in which the latter axis of rotation is controlled 

It is thus an object of this invention to provide a new by the former. " 
and improved trigonometric computation assembly and Other objects and attendant advantages of the present 
overall guidance system employing it, capable of render- 40 invention will be apparent from the following detailed 
ing precision guidance for the most sophisticated of space description when considered together with the accom- 
fiight missions, and, with a remarkable simplicity in com- pan v in- drawings in which: 

ponent requirements. FIGURE 1 is a schematic illustration of cn embodi- 

This Invention is, in general, directed to the solution ® eBl of the invention; ( 

of bringing the three perpendicular axes of two actual 43 FIGURE 2 is a graphical illustration of a feature of 
or one actual and the other computed or imaginary, three- 
axes systems (cr frames) into actual or computed align- 
ment. The context Of discussion is an inertially guided 

space vehicle. One of the three-axes systems in accord- . . . . _ _ 

ance with the invention, is the body of the vehicle itself 50 navigation computer 12 contains conventional means for 
as oriented with respect to a stabilized platform assembly providing on a continuous basis electrical signals repre- 
(P system) in which a platform is held in an inertial posi- - tentative of the trajectory a space vehicle 14 is to fly to 
tion by virtue of four gimbal suspensions, the outer accomplish a given flight mission. These signals are sup- 
sits pension hemg contained In and affixed to the vehicle. plied program computer IS Of navigational computer 12 - 
Three of the four suspensions are about axes which are 35 together with signals from accelerometers 18, 20 and 22, . 
mutually perpendicular ard the fourth suspension is about attached to stable platform 24. The accelerometer signals, £ 
an axis which is redundant with respect to one of the other after a rpropriate integration, provide signal information 
three axes. The gimbal angles of the gimbal suspension representative of the location in space at any instance of 
thus indicate the actual attitude of the vehicle with respect ' v 5 hic]e 14 Stable platform 24 is suspended by a foiir 
to a stable reference source, the platform. An example 00 gimbal suspension system to fixed supports 26 of vehicle 
of the other three-axes system is a computer providing 14. Platform 24 is gyro stabilized in a conventional mafi- 
as outputs shaft positions corresponding to the angle 1 ! ar ® TO serialized servo systems 15e, 156 and 15c. 
which the axes of an imaginary three-gimbal suspended M £yro syflcm 15b drives platform gimbal 

body (e.g^ an imaginary vehicle positioned in a pro- \ Sb dnVcs P^ono 

grammed position) would bear with respect to the axes & ***?? 

of the Stabilized or inertial platform. Alternately the “ nv ” pfetfprm gimbal angle 8 X (yaw). This combi- 

* . PtaHoran. Alternately, the cation of gyro stabilization results in platform 24 being 


operation of the invention, and 
FIGURE 3 is a schematic illustration of a sine-cosine 
resolver circuit in accordance with the invention.. 
Referring to the drawing, program device 16 of overall 


computer would provide electrical analogs of these 
positions. 


maintained with its coordinate *P" axes f, tf, W, ifi * 
error signals, indicaiiDg uisiru dions for a vehicle attitude a -..-jt.*— 


control, bringing the M System axes of an actual vehicle 


8pt, in a steady state condition. 

Program computer 16 determines from th-r; signals ap- 


3,331,951 




plied to ft file attitude, orientation in space, that vehicle 
14 should display at that instant for a successful 
If vehicle 14 is not properly oriented at the instant ei 
measurement, as indicated by a navigation program from 
program device I#, computer 16 computes an appropriate 
attitude for vehicle 14 to assume in order to make up for 
this' discovered error during the balance of the Sight. 
Thus computed, attitude may be considered in terms of 
angles X*. X* and X, defining the orientation of com- 
mand coordinate frame “C” having axes of unit vectors 
Zc Sc and S c with respect to the stable platfom inertial 
reference frame “P" having axes of unit vectors \V, U and 
f. Angles X-, X, and X, are manifested by the shaft ouf- 
puts of -motors 28, 29 and 30, respectively, which motors 
an; energized by computer 16. Another approach to the 
understanding of angles X*. X* and X, is to consider 
them as suggested above as gimbal angles between a 
stable platform suspended by a simple three , ginibaled 
assembly wherein the outer suspension of the gimbaied 
assembly is oriented to the correct or command, attitude 
or orientation desired of the vehicle. 

The angle’ between the reference frame “C" of the 
correct attitude and the inertial reference frame “P” is 
termed a Euler angle ard it is defined in terms of the an- 
gular rotations required to- bring the two coordinate 
frames into coincidence and the sequence of the angular 
rotations. Here the angular rotations in their chosen se- 
quence are first X r . second X„ and third X*. 

The order of rotation of these angles, the angular out- 
puts of motors 28, 29 and 30 is opposite to the order of 
corresponding gimbal angles of stabilized platform 24, 
when counted from fixed mounts 26 into stabilized plat- 
form 24, that is first about conventional gimbal or axial 
suspension 32 (angle 0 O r)i second about axial suspension 
32b (angle 6 X ), third about axial suspension 32 b (angis 
Apt) * n d fourth about axial suspension 32c (angle « r ). 

Seven sine-cosine resolvers 33 through 39 making up 
resolver chain 4®, arc electrically connected in series, 
wth the order of shaft connections from the chain to 
navigational computer 12 and overall stabilized platform 
assembly 42 following the order of rotation of shaft out- 
puts of navigational computer 12, as previously defined, 
for the first three resolvers in series, and the inverse (in- 
side to outside) gimbal order of the shaft outputs of 
stabilized platform assembly 42 for the last four resolvers 
in series in resolver chain 40. Accordingly, shaft angle 
X z is representative of a shaft position of resolver 33. 
X* of resolver 34, X, of resolver 35, » r of resolver 36, 
*px, of resolver 37, » x of resolver 38, and 0cs* of resolver 
39, where:. 

# r =Roll gimbal angle 
bw.— Pitch limited gimbal angle 
tfgssYaw glmtoal angle 
*or=Outer pitch gimbal angle 

Resolver chain 40 also includes seven identical imped- 
ance matching elements 43 through 4® and each presents 
a transfer impedance (from an input winding to an out- 
put winding oriented for maximum coupling) correspond- 
ing to one of resolvers 33 to 39. Resolvers 33 through 39 
are qf the general type described in Warner Patent 2,- 
723,800 and shown in FIGURE 3 in which there are two 
stator windings (Si and Sj) at right angles to each other 
and two rotor windings (R, and R 2 ) which are at right 
angles to each other. A resolver and impedance match- 
ing element, as for example, resolver 33 and impedance 
matching element 43 make up a resolver element and 
there are, accordingly, seven of such resolver elements, 
43« through 49a. Considering one of resolver elements 
43a and labeling the inputs of Stator windings ST S2, mid 
S3 and outputs of rotor windings, RT R2, and R3, an 
expression for the computations performed is as follows: 

£ai e *^-si riffle bos 

Ca*»£si«osp~£ S jsme<k4*fi^ B ' _ ■ 
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where, as is to be distinguished from the teaching of 
Manser: 

E s; is first alternating current input of a first frequency 
applied to Sj. . 

£32 is a second alternating current input and of a second 
frequency, applied to S*. ' 

E a is a third input, applied to S*. 

Ehi is a first resulting output, at Ri- 
Erj is a second resulting output, at R*. ' ; ^'£>7;':'^ 

Eju is a third resulting output, at R s . . 

0 is the angular difference between stator winding Sj 
and rotor winding R* and between stator winding S* 
and rotor winding R%. 

One requirement of the system of this invention is that 
angle tfpj, be held to a zero angle steady state condition. 
In accordance with the invention this is accomplished by 
maintaining angle «op identical to angle X. by means of 
servo system 50. 

Servo system 50 consists of a synchro transmitter 52 
driven by motor 28 and is thus aligned with angle X, 
applied to the rotor of resolver 33. An electrical output 
of synchro transmitter 52 js applied to synchro receiver 
54 which follows gimbal angle flop, and a signal repre- 
sentative of any difference in angular position between 
synchro transmitter 52 and synchro receiver 54 is sap- 
plied to the input of amplifier 56. The output of ampli- 
fier 56 driven motor 60 which in turn drives gimbal sus- 
pension 32 to produce coincidence between X* and 0<jp. 
Tachometer 58 provides electrical inverse feedback in 
a conventional manner from the shaft of synchro re- 
ceiver 54 to amplifier 56 to damp the response of servo 
system 50 and thus enhanced stability. Servo system 50 
is fed a reference alternating current signal in a conven- 
tional manner from source 62. 

To examine the arrangement and operation of resolver 
chain 40. a reference signal representative of unit vector 
Xe is applied to a first input stator winding Sj of resolver 
33 and is supplied from 1800 cycle alternating current 
source 64. A second input signal to resolver chain 40, 
representative of unit vector Y c is applied from 1600’ 
cycle alternating current source 66 to a second stator 
_ winding S. of resolver 33. Still a third input, representa- 
tive of unit vector 2* and of zero value 'is applied to inpat 
winding Sj of impedance matching element 43. The three 
4- inputs form tire input to resolver clement 43a. 

The output of resolver element -43a is provided from 
output windings Rj, R 2 , and R 3 with wildings R 3 being 
first and second rotor windings of resolver 33 and Rj 
being an output winding of impedance matching element 
50 43. Impedance matching elements 43 through 49 are in- 
cluded as circuit element in resolver chain 40 whenever 
an output of a resolver is not directly fed to the next 
resol ver in the chain; for example, the output of winding 
Ri of resolver 33 bypasses resolver 34 and is thus fed 
55 through impedance matching element 44 to the input 
of resolver 35. Tracing the interconnections of resolver 
chain 40, the Rj output of resolver 33 is connected to the 
Sj input of’ resolver 34 and the R 2 . output of impedance 
matching element 43 is connected to the Sj input of rcsolv- 
00 er 34. The Sj, Sj. $3. Rj, R a , and R 3 designations ate 
labeled only with respect to resolver element 43a as each 
resolver element is identical. The R, output of resolver 34 
is connected through impedance matching elements 45 and 
46 to the S* input of resolver 37 and the R 2 output of 
S3 resolver 34 connected io the Sj input of resolver 35. the 
Rt output of resolver 35 is connected to the Sj input Of 
resolver 36 and the R 3 output of resolver 36 is connected 
to the Sj input of resolver 36. The Rj output of resolver 

36 is connected through impedance matching element 47 
70 to the §2 input of resolver 37. The R» output of resolver 

37 is connected through impedance matching element 48 
to the Sj input of resolver 39 and the R* output of re- 
solver 37 is connected to the Si input Of resolver 38. 
The Rj output of resolver 38 is connected to the S» 

75 input of resolver 39 and the Re output of resolver 38 
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. fa connected through impedance matching element 49 as 
'aresolvorebain output Resolver chain output ST s 
... appears as an outpat R, of resolver 39, and output T m . 
appears as an output R* of resolver 39. 

The 'function of resolver chain 40 is to compare the g 
program position of vehicle 14 as described by navigation 
computer IX to the actual position of vehicle 14 as 
described by the platform gimbal angles of stabilized 
platform assembly 42 and supply attitude control 63 with 
the information that it needs to turn the . vehicle into jg 
the position described by computer 12 at the* shaft outputs 
of motors 28, 29 add 30. To understand the manner 
which resolver chain 40 performs its function it is per- 
haps best to review the kinematics involved; 

First, a set of cartesian coordinates made up Of unit 15 
vectors X m , X m and Z m is constructed where, as illus- 
trated in FIGURE 1, X m is perpendicular to the longi- 
tudinal axis of vehicle 14 and passes through &t 1, Y m 
is along the longitudinal axis of vehicle 14, and 

_ _ _ 20 

ITf— X Ym 

and is the vector or cross product T m xr n . Rotation 
about X m is yaw, about X„ is roll, and about 55^, is pitch. 
This is the M. or vehicle coordinate frame or system, 
and is illustrated; in FIGURE 2. A second set of cartesian " 
coordinates making up a C or command coordinate frame 
as illustrated in navigational computer 12 is made Up of 
unit vectors 5:„ Y t and Z r In addition these unit vectors 
are represented by reference electrical inputs to resolver 
element as previously stated. They are representative of 


arenas $9 which a8 motions am referred after liftoff. 
The origin of M, C, and : P am coincident 

Referring to FIGURE 2 lowing both the C and M 
coordinate systems, resolver chain 40 must provide signals 
representative of the error existing between the M and G 
coordinate systems appropriate for attitude control of 
vehicle 14 to bring the M and C coordinate systems into 
coincidence. In accordance with this invention the error 
signals developed are representative of the cosines of 
angles b,.c, and /. AsJHastrated in FIGURE 2, angle b 
is the. angle between X t and X m , angle c is between X, 
and Za and angle / is between T c and 2*. Coincidence 
between the M and C coordinate systems and thus cor- 
rect vehicle attitude is achieved when each of these 
three angles is 90 degrees. 

Angular information relative to the relation Of the 
vehicle or M coordinate system with respect to the P 
or inertial coordinate system is applied from stabilized 
platform assembly 42 to resolver chain 40. Examining 
stabilized platform assembly 42 and starting from the 
inside, the gimbal angles are e r (roll), ««, ( pitch limited), 
8* (yaw), and e 0 p (Outer pitch). As stated above, prim' 
to liftoff, V is==X„, T“T ro , and Tr=2? ra . Angle « r is 
then_about jthe Y and Y m axes, Pyj^and Bo P are about 
the \V and Z m ; and b x is about the u and X m axes. The 
angle e PU e OP and B x describe the relation that exists 
between the P or inertial and M or vehicle coordinate 
system or coordinate frame. From matrix algebra this 
may be expressed as follows, wherein each matrix is 
labeled in terms of the corresponding resolver element: 


as* 

S m [ [cosPjjp -sin?0P op 0 


47a Ms 

jjcosPp^ -Sln6pj_ 0Scos6 r 0 slnfiJlf 


’•** ' 




j? m Wsln00p GOS0O P. 0|0 eosP x -s!ne x |sln6 PL cos? PL Op 10 JV 


0 — t jo stnS x cose- §0 


l|-slr.%0 cos 6- jw 



the axes of the command position of the imaginary ve- 
hicle described by navigation computer 12 and X c is 
through fin 1, 7 C is along the longitudinal axis and 
Z c =X c xT c of the imaginary vehicle. 

A third set of cartesian coordinates, illustrative of 
stable platform 24, are labeled XT, Y and W and make up 
the inertial or P system. The orientation of these vectors 
to an observer on earth fa established by the platform 
erection system prior to liftoff. A likely orientation at 
some time (T), prior to liftoff is U coincident with X* 
7 coincident with Y a , and W coincident with Za- The 
“P” system (tj, Y, and W) is the invariant inertial ref- 


Which may be written as: 

49a 48a him 46a 

1" h •HI'* 1 1 1 1M M 

These matrices give the M coordinates in P. 

The three angles which are the output of the naviga- 
tion computer 12 (X*, X* and X 5 .) may be thought of as 
- 0 imaginary gimbal angles of an imaginary gimbal system 
connecting the command position vehicle to the platform 
as shown in FIGURE I. 

When the program fa zero in navigation computer i?, 
Xt fa in the Zg or W direction, X* is In the UorXj direc- 
55 tion and X T fa in the V or % direction. To express the 
P or inertial coordinate in terms of the C or command 
coordinates and in terms of the resolver elements which 
; accomplish this expression the following equation from 
. : matrix algebra is set forth: 


' 4£t . J*S- • 43a 

p cosXy 0 sinXy 10 0 JjcosX z -$inX z 0 ^ 

tf n 0 1 0 0 cosX x -sinxJfsloXj cosXj 0 ? e 

V -sinXy 0 sinXy 0 sinX y cesX^ I © © I 


iff m 1 © I 0 


Whldi may he written: 


J Vfi ' 


’■09- 
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where, from analytical geometry cosines a through h and 
cosine k are the direction cosines between the 6 vectors 
Y m , T ro , Z m , Y c and ’%.& and angle a is between Y e and 20 
STn,. b h between Y e and Y m , c is between Y- and Z m , 
d is between Y c and X m , e is between Y e and Yn» / is 
between Y e and Z m , g is between Zc and Y m , h is between 
Z c and Y m , and k is between Z c and Z m . As illustrated „ 
in tbe last equation, the top row of terms arc present in 
the resolver chain output X m , the second row in the out- 
put Y„. and the bottom row in tbe output Z*. The first 
column indicates that the terms therein appear at a fre- 
quency of 1800 cycles, the second column indicates 1600 30 
cycle terms, and the last column zero frequency terms. 

Referring to the matrix above and back to FIGURE 
2, wherein it was shown that the angles of interest were 
angles f>, c, and f, it will be noted that —cos b is available 
at output Y m at a frequency of 1800 cycles, cos c is avail- 85 
able at the output of Z m at 1800 cycles, and —cos / avail- 
able at the output Z m at 1500 cycles. Output Y m is unused 
otherwise than to terminate it in impedance matching 
resistor 67, 

Signal selection of the desired cosine outputs is ob- 40 
tained by passing resolver output Y m through 1800 cycle 
narrow band-pass, filter 68, a resolver output Zb, through 
1800 cycle narrow band-pass filter 70 and an output Z& 
also through 1500 cycle narrow band-pass filter 72. 4- 
Accordingly, —cos b is now available alone at the output 
of filter 68, cos c similarly available at the output of filter 
70,. and —cos f similarly available at the output of filter 
72. The outputs of filter 68, 70, and 72 are then filtered 
in filter system 74 wherein compensations for natural gg 
mode vibrations of vehicle 14 are achieved to prevent- 
undesired control effects in a correctional manner. Filter 
system 74 is controlled in a known manner by vehicle 
characteristic generator 76, which takes into account the 
precise characteristic generator 76 together are not fea- 5 - 
lures of this invention aBd are not illustrated in detail. 

After being filtered by filter system 74, —cos b, cos c 
and —cos / signals are fed to a conventional vehicle atti- 
tude control 63, for example, the motor gimbal control 
of vehicle 14 in which the —cos b signal is applied as go 
a pitch error signal, the cos c signal is applied as roil error 
signal and the —cos / signal is applied as a yaw error 
signal. As shown in FIGURE 2, die pitch of —cos b 
signal produces corrective rotations ©f pitch about vehicle 
axis Zn» the roll or cos c signal produces corrective rota- 65 
tion about roll axis Y m and die yaw or — cos / signal 
produces corrective rotation about yaw axis X m . Correct 
alignment of the vehicle coordinate system “M” with the 
command coordinate system “C” is produced when angles 
b, c and / are precisely 90*, at which point* of course, 7® 
the cosines of there angles will be zero and thus no further 
corrective commands are applied. 

In addition to the features Of the invention previously 
enumerated, this invention is particularly adaptable to 
provide further system reliability if needed. This is 73 


achieved by redundancy of computation through making 
Z c of finite value and of a frequency other than that of 
Y e and T c . Tbe three outputs of resolver chain 40 are 
then filtered to achieve the following individual outputs: 
An Y m output of tbe modulation of Ye, an Y ro output of 
modulation of Zc a Yb, output of the modulation of Y e 
a Y d output of the modulation of Z„ a Z m output of tbe 
modulation of Y„ and a Zm output of the modulation 
of V r These individual outputs represent, in the order 
listed, pitch error, roll error, pitch error, yaw error, roll 
error, and yaw error. Thus, it will be seen that there, are 
two outputs representative, of each error signal and thus 
if any one of the frequency channels is interrupted due, 
for example, to oscillator failure or a resolver winding 
failure, the system as a whole will continue to function 
properly. 

It is also possible to omit impedance matching element 
43 and connect tbe Z c input directly to the Sj input of 
resolver 34, and to employ a single resolver of the type 
illustrated in FIGURE 3 for each two succeeding imped- 
ance matching elements 45-49. In which case their shaft 
positions would be positioned appropriate to provide tbe 
same coupling as in the case of impedance matching ele- 
ments 44-49. 

Obviously, many modifications and variations of the 
present invention are possible in the light of the above 
teachings. It is, therefore, to be understood that within 
the scope of the appended claims the invention may be 
practiced other than as specifically described. 

Wbat is clamed is: 

i. in combination: 

(A) reference means representative of a first three-per- 
pendicular axes frame; 

(B) program means including: 

<1> means representative of a second th ree-per- 
pendicularraxes frame having an origin coinci- 
dent with the origin of said first axes frame; 

(2) first computation means for providing first 
second, and third program outputs representa- 
tive of the angular position and sequence of ro- 
tations that the three axes of said second refer- 
ence frame must be rotated through to achieve 
coincidence of like axes of said first and second 
axes frames; 

(C) attitude following means connected to said refer- 
ence means and including means representative of a 
third three-perpendicular-axes frame having an origin 
coincident with tbe origin of said first and second 
axes frames; 

(D) inertiaUy stabilized suspension means intercon- 
necting said reference means and said follow- 
ing means and including first, second, third, and 
fourth axial suspension means wherein: 

it) Said first axial suspension means fcfereoe- 
cents said reference means and said second axial 
suspension means and provides a first axis <>f sus- 
pension and provides a fourth designated follow- 
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er output representative of angular positron of 
rotation about said first axis; 

(2) sajd second axial suspension means intercon- 
nects said first axial suspension means and said 
third axial suspension means and provides a sec- 5 
ond axis of suspension perpendicular to said first 

; . _ . axis of suspension andfifth designated follower 
output representative of angular position of ro- 
tation about said second axis;. 

(3) said third axial suspension means intercom jg 
non? said second and fourth axial suspension 
means and provides a third axis of suspension 
perpendicular to said second axis Of suspension 
and a sixth designated follower output represent- 
ative of position of rotation about said third 15 
axis; and 

(4) said fourth axial suspension mean intercon- 
nects said third axial suspension means and said 
attitude following means and provides a fourth 
axis of suspension perpendicular to said third 20 

- ■ : axis of suspension and a designated seventh fol- 

lower output representative of position of rota- 
tion about said fourth axis;' 

(E) servo means responsive to said first program out- 
put of said first computation means for maintaining 25 
identity between the angular position of rotation of 
said first program output of said second reference 
frame and the angular position of rotation of said 
fourth axis of suspension, preventing rotation about 
said second axis of said second axial suspension 30 
means as said attitude following means varies in pro- 
gram attitude; 

(F) second computation means responsive to said out- 
puts of said first computation means and said sta- 
bilized suspension means for computing error signals 35 
representative of the misalignment of said third axis 
frame with respect to said second axis frame; and 

<G) attitude control means responsive to said second 
computation means and operatively connected be- 
tween said second computation means and said atti- 40 
tude following means for changing the attitude of 
said a»t?'«da following means in a direction to pro- 
duce coincidence of said second and third axes frames. 

2. In combination: 


, cond axis erf suspension perpendicular to said 
V ; first axis Of suspension and fifth designated fol- 
lower output representative of angular position 
of rotation about said second axis; 

(3) said third axial suspension- means intercon- - 

. sects said second and fourth axial- suspension 

means and provides a third axis of suspension- 
; , • perpendicular to said second axis of suspension 
and a sixth designated follower output represen- . 
tative of position of rotation about said third 
axbpaad' 

(4) said fourth axial suspension means intercon- 
nects said third axial suspension means and said 
attitude following means and provides a fourth 
axis of suspension perpendicular to said third 
axis of suspension and a designated seventh fol- 
lower output representative of position of ro- , 
talion about said fourth axis; 

(5) wherein each two successively numbered am 
of suspension lie in the same plane; 

(E) servo ' means responsive to said first program 
output of said first computation means for maintain- S 
ing identity between the angular position of rotation 
of said first program output of said second reference 
frame and the angular position of rotation of said 
fourth axis of suspension, preventing rotation about *; 
said second axis of said second axial suspension 
means as said altitude following means varies to 
program attitude; 

(F) second computation means responsive to said out- 
puts of said first computation means and said sta- 
bilized suspension means for computing error signals 
representative of the misalignment of said third 
axis frame with respect to said second axis frame; 
and 

(G) attitude control means responsive to said second 
computation means and operatively conn-cted be- 
tween said second computation means and said at- . 
titude following means for changing the attitude of 
said attitude following means in a direction to pro- . 
duce coincidence of said second and third axes 
frames. 

3. The combination set forth In claim 1 wherein said- 
second computation means comprises first through seven 


(A) reference means representative of a first three- 45 resolving means and wherein: 


perpendicular-axes frame; 

(B) program means including: 

(!) means representative of a second three-per- 
pendicular-axes frame haying an origin coinci- 
dent with the origin of said first axes frame; 59 

(2) first computation means for providing first, 
second, and third program outputs representa- 
tative of the angular position and sequence of 
rotations that the three axes of said second ref- 
erence frame must be rotated through to achieve 55 
coincidence of like axes of said first and -second 
axes frames; 

(C) attitude following means connected to said refer- 
ence means and including means representative of 

a third three-perpendicular-axes frame having an orl- GO 
gin coincident with the origin of said first and second 
axes frames: 

(D) inertially stablized suspension means interconnect- 
ing said releretrce means and said following means 
and including first, second, third, and fourth axial G5 
suspension means wherein: 

(1) said first axial suspension means intercon- 
nects said reference means and said second axial 
suspension means and provides a first axis of 
suspension and provides a fourth desi gnat ed fOl- 7© 
lower output representative of angular position 

; of rotation about said first axis; 

(2) said second axial suspension means intercon- 
nects said first axial suspension means and said 


third axial suspension means and provides a sec* 75 single, said resolver, and; 


(A) each said resolving means responsive to an angu- 
lar input provides output signals representative of 
the sine and cosine of said angular input; 

(B j first through third said resolving means being 
responsive to like numbered program outputs of said 
first computation means; / 

(C j fourth through seventh said resolving means being 
responsive to like numbered outputs of said suspen- 
sion means. 

4. The combination set forth in claim 3 wherein said 
fourth through seventh said resolving means each com- 
prise at least one electromechanical resolver wherein 
each said resolver comprises: 

(A) a mechanical shaft position input, first and sec- 
ond 90* displaced electrical input windings and first 
and second 90* displaced output windings; 

(B) said input windings being movable with respect to 
• said output windings in response to movement of 

said mechanical shaft; / 

(C) said outputs of said suspension means being « > 
mechanical output providing rotational movement 

to said mechanical shafts of said fourth through mg ■ 
seventh resolving means. . 

SL The combination set forth hr claim 4, whereas said 
first through third resolving means each comprises id 
leas one said electromechanical resolve*. 

6. The combination set forth in claim $ wherein each / 
resolving means comprises a Mb numerically designated / 
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--' (A) first reference signal Sc « applied to said first 
input winding of said first resolver; 

(B) a second reference signal ¥» differing lit fre- 
quency from X t bat of the same amplitude, is ap- 
plied to said second input winding of said first to- * 
solver, a reference potential of zero, potential being 
applied through a first impedance matching element 

to said second input of said second resolver; 

(1) said first impedance matching element com- 
prising impedance means for presenting a trans- JO 
fer impedance corresponding to the unity 
coupling transfer impedance of one of said 
resolvers; 

(C) said first output winding of said third resolver 
being connected to said first input; winding of said ** 
fourth resolver and -said second output winding of 
said third resolver being connected to said second 
input winding of said fourth resolverf 

(D) said first output winding of said second resolver 
being connected through second and third of said 20 
impedance matching element, to said second input 
winding of said fifth resolver; 

(E) said second input winding of each of resolvers 

1 - 2 , 4 - 5 , being connected to said first input winding 
of the next higher numbered resolver; • 

(F) said first output winding of said first resolver 
being connected through one of said impedance 
matching eleuicnls to said second input winding of 
said third resolver and said first output winding of 
said fourth resolver being connected through one 30 
of said impedance matching elements to said second 
input winding of said sixth resolver; 

(G) said first output winding of said fifth resolver 
being connected through one of said impedance 
matching elements to said first input winding of said 
seventh resolver and the first output winding of said 
sixth resolver being connected to said second input 
winding of said seventh resolver; 

(H) said first output winding of said seventh resolver 
being terminated in a matching impedance; 

(I) said second output winding of said seventh resolver 
providing an output signal Y u ; 

(J) said second output winding of said sixth resolver 

providing, through one of said impedance matching 
elements an output Z m ; 43 

(K) first filter means responsive to Y n for passing 

only a signal frequency of X c and providing a first 
of said error signals; , 

(L) second filter means responsive to 2m for passing 
only a signal frequency of ST C and providing a second 
of said error signals; and 

(M) third filter means responsive to 2m for passing 
only a signal frequency Of Y c and providing a third 

of said error signals. 55 

. 7 ., In combination: 

(A) reference means representative of a first three- 
.... perpendicular-axes frame; 

(B) program means including: 

(1) means representative of a second three-per- g© 
penditular-axes frame having an origin coinci- 
dent with the origin of said first axes frame; 

(2) first computation means for providing first, 
second, and third program outputs representative 

of the angular position and sequence of rota- C5 
lions that the three axes of said second referees© 
frame must be rotated through to achieve coin- 
cidence of like axis of said find and second 
axes frame; 

(C) attitude following means Connected to said refer- ~© 
ease means and including means representative of 

a third three-perpendicular-axes frame having as 
origin coincident with the origin of said first and 
second axes frames; 

-(D) inert! ally stabilized suspension means imereoa- 75 


nesting said reference means and said following 
means and including first, second third, and fourth ,•*?- 
axial suspension means whereto; •> ■ 

(!) said first axial suspension means interconnects ; ' 
said reference means and 'said second axial sus* ' - 
pension means and provides a first axis' of- v ,.> 
suspension and provides a fourth designated fed- /V 
lower output representative of angular position x ; 
of rotation about said first axis; i-V 

(2) said second axial suspension means intercom 
nects said first axial suspension means and said • . 
third axial suspension means provides a second 

, axis of suspension perpendicular to said first axis ^ 
of suspension and fifth designated follower out- 
put representative of angular position of rotation - ■; v 
about Said second axis; 

( 3 ) said third axial suspension means intercom V; 

nects said third axial suspension means and said / : . 
means and provides a third: axis of suspension 
perpendicular to said second axis of suspension 
and a sixth designated follower output repre- 
sentative of position of rotation about said third: f : 'i 
axis; and \-V 

( 4 ) said fourth axial suspension means intercon- 
nects said second and fourth axial suspension 
attitude following means and provides a fourth 
axis of suspension perpendicular to said third ‘V-- 
axis of suspension and a designated seventh. 
follower output representative of position of ro- 
talion about said fourth axis; 

(E) second computation means operatively connected : i 
to said attitude following means and responsive to 
said outputs of said first computation means and said 
stabilized suspension means for computing error sig- 

. nals representative of the misalignment of said third ' ; ' 
axis frame with respect 10 said second axis frame. 

8. In combination: 

(A) reference means representative of a first three- ' ; j 
perpendicular-axes frame; 

(B) program means including: ; 

(!) means representative of a second three- 

perpendicular-axes frame having an origin co- , 
incident with the origin of said first axes frame; 

(2) first computation means for providing first, 
second, and third program outputs represent- 
ative of the angular position and sequence of '4- ; 
rotations that the three axes of said second ref- 
erence frame must be rotated through to achieve v, 
coincidence of like axes of said first and second 
axes frames; 

(C) attitude following means connected to said ref- . 
erence means and including means represent:, five of • 

a third tfiree-perpendicular-axes frame having aa \ 
origin coincident with the origin of said first awl ; 
second .axes frames ' 

(D) stabilized suspension means interconnecting said 
reference means and said following means awl in- y • 
eluding first, second, third, and fourth axial suspea- > 
slon means wherein; 

(1) said first axial suspension means intercom 

> v nects said reference means and said second axia! . v 
suspension means and provides a first axis of -V 
suspension and provides a fourth designated 
follower output representative of angular post- 
V tion of rotation about said, first axis; ■ 

(2) said second 'axial suspension means inter- 
connects said fins axial suspension means and " ' ' 
said third axial suspension means and provides J ' 
a second axis of suspension perpendicular to > 

V - said first axis pfsnspension and fifth designated 
. '-fioBbwer output represeniatiue.of angular pass* 
y , tion .of rotation about said second exit; . . ; ; *;■ 

< 3 > said third- axial suspension means intercon- ' 
nects said second and fourth axial suspension . r 
. means and provides a third axis of suspension > 
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; -\ ’ perpendicular to said second axis of suspension 
v ' and a sixth designated follower output repre- 

v, : sentative of position of rotation about said ;/ 
third axis; 

(4) said fourth axial suspension means ihtercon- $ 
ttects said third axial suspension means and 
said attitude following means and provides a 
fourth axis of suspension perpendicular to said 
third axis of suspension and a designated seventh 
• ' . follower output representative of position of jg 

rotation about said fourth axis; 

, " (5) means for driving rotalionally said fourth 

«&ial suspension means to prevent rotation of 
>■ , slid second axial suspension means; 

(£) second computation means operatively connected 18 
to said attitude following means and responsive to 
said outputs of raid first computation means and 
said stabilized suspension means for computing 
error signals representative of the misalignment of 
said third axis frame with respect to said second axis 20 
frame. . 

9. In combination: 

(A) reference means representative of a first three* 
perpendicular-axes frame; 

(b) program means including: 23 

(1 ) means representative of a second three* 
perpendicular-axes frame having an origin co- . 
incident with the origin of said first axes frame; 

(2) first compulation means, for providing first, 
second, and third program outputs represent- 30 
alive of the angular position and sequence Of - 
rotations that the three axes of said second ref- 

' < : ercnce frame must be rotated through to achieve 

coincidence of like axes of said first and second 
axes frames; 35 

<C) attitude following means connected to said ref- 
erence means and including means representative of 
a third lhrcc-pcrpcndicular-axes frame having an 
origin coincident with the origin of said first and 
second axes frames; 40 

(D). stabilized suspension means interconnecting said 
reference means and said following means and in- 
cluding first, second, third, and fourth axial suspen- 
sion means wherein; 

(!) said first axial suspension means intercom 45 
sects said reference means and said second axial 
suspension means and provides a first axis of 
suspension and provides a fourth designated 
follower output representative of angular posi- 
tion of rotation about said first axis; 80 

(2) said Second axial suspension means intercon- 
nects said first axial suspension means and said 
■ third axial suspension means and provides a 
second axis of suspension perpendicular to said 
first axis of suspension, ami fifth designated fof- 55 
lower output representative of angular position 
of rotation about said second axis; 

. (3) said third axial suspension means intercon- 

- necis said second and fourth axial suspension 

means and provides a third axis of suspension 00 
perpendicular to said second axis of suspension 
and a sixth designated follower -output repre- 
sentative of position of rotation about said third 
axis; . .. 

(4) said fourth axial suspension means intercom S3 
sects said third axial suspension means and 
; said attitude following means and provides a 
fourth axis of suspension perpendicular to stud 
third axis of suspension and a designated 
seventh follower output representative of posi* TO 
tion of rotation about said fourth- axis; 

• 0) means for driving rotalionally said fourth 

add suspension means to prevent rotation of 
said second axial suspension means; - . : • 

(E) second computation means responsive to said TS 


outputs of said first computation means and -said _ 
stabilized suspension means for coroputing crror 
signals representative of "the misalignment of said , 
third axis frame with respect to said second axis ■* 
frame; • 

(F) attitude control means responsive to said second 
computation means and operatively connected be- 
tween said second computation means and said 
attitude following means for changing the attitude \ 
of said attitude following means in a direction to 
produce coincidence of said second and third axes - 
frames. , 

10. In combination: ■ ' 

(A) an electromechanical resolver comprising: * *;.? 

(1) a set of first and second input windings posi- 
tioned 50* with respect to each other; 

(2) a set of first and -second output windings posi- 

tioned 90* with respect to each other; ■ 

(3) means for rotating one of said set of windings 
with respect to said other set; 

(B) first means for producing an alternating current ,, 
having a first frequency, said first means being cou- >■., 
pled to said first input winding; 

(C) second means for producing an alternating cur- 
rent having a second frequency substantially differ-.' 
ent from said first frequency, said second means ; 
being coupled to said second input winding; . 

(O) at least one filter means responsive to at least .. 
one said output winding for selectively passing at 
least one of said frequencies, whereby two output 
signals, having said first and second frequencies, 
respectively, arc separated. • ■ * 

11. In combination: 

(A) an electromechanical resolver comprising: 

(1) a set of first and second input winding posi- "; - 
tioned 90* with respect to each other; - 
{2% a set of first and second output windings posi- 
tioned 90* with respect to each other; 

(3) means for rotating one of said set of windings 
with respect to said other set; 

(B) first means for producing an alternating current - 

having a first frequency, said fiist means being cou- 
pled to said first input winding; f 

(C) second means for producing an alternating cur- 
rent having a second frequency substantially differ- 
ent from said first frequency, said second means 
being coupled to said second input Winding; 

(D) first filter means responsive to said first ontput , 
winding for selectively passing said first frequency; ;v 

(£) second filter means responsive to said second out- 
put winding for selectively passing said second foe- 
quency; 

(F) whereby two output signals, having said first and . 
second frequencies, respectively, are Separated. 

12. In combination: ' 

(A) a plurality of electro m ech ani cal resolvers inter- •' ; _ 

connected electricafiv fo a chain and wherein each 
said resolver comprises: - 

(1) a set of first and second input windings post- 

tioned 90* with respect to each other; - ' 

(2) a set of first and second output windings 
positioned 90* with respect to each other; 

(3) means for rotating one of said set of windings 
with respect to said other set; 

(B) at least one output of hay one of said resolvers ■? 
being connected to one input of any resolver fol» CL 
lowing k successively in said chain; 

fCj first means for producing an alternating current 
having a first frequency, said first means being coo- 1 
pled to said fiist input winding of the first resolver : f 
in said chain; ■ 

CD) second means for producing aa alternating cur- --... 
rent having a second frequency substantially differ- > ■ ? 
ent from said first frequency, said second means . 
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being conpfed to said second input winding of the Z.996.26S 8/1961 Brown el a!. — L 235—150.25 X 

first resolver in said chain; v * .. 3.004,708 10/196} Cnnnmcham 235— -189 

(£) at least' «te filter means responsive to at feast one 3,049.294 8/1962 Newell — ! — , — - — 235 — 150.25 

said out pot wiw&t Of oae of sod resolvers for 32W57J 10/1965 Seliger el aL — --- 235— -15025 


selectively passing at least One of said tm aeadts ( 
whereby two ootpot signals, having said first and 
second frequencies, respectively, ate separated. 
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